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ABSTRACT
A physically realistic stellar wind model based on Alfve´n wave dissipation has been used to simulate
the wind from Barnard’s Star and to estimate the conditions at the location of its recently discovered
planetary companion. Such models require knowledge of the stellar surface magnetic field that is cur-
rently unknown for Barnard’s Star. We circumvent this by considering the observed field distributions
of three different stars that constitute admissible magnetic proxies of this object. Under these consid-
erations, Barnard’s Star b experiences less intense wind pressure than the much more close-in planet
Proxima b and the planets of the TRAPPIST-1 system. The milder wind conditions are more a result
of its much greater orbital distance rather than in differences in the surface magnetic field strengths of
the host stars. The dynamic pressure experienced by the planet is comparable to present-day Earth
values, but it can undergo variations by factors of several during current sheet crossings in each orbit.
The magnetospause standoff distance would be ∼ 20 − 40 % smaller than that of the Earth for an
equivalent planetary magnetic field strength.
Keywords: stars: activity — stars: individual (Barnard’s Star) — stars: late-type — stars: winds,
outflows — planets and satellites: terrestrial planets
1. INTRODUCTION
The detection by Ribas et al. (2018) of a planet around
Barnard’s Star is an important step in our growing un-
derstanding of the nature of planetary systems in the
Universe. The M3 V red dwarf Barnard’s Star is the
closest single star planetary system to the Sun.
Barnard’s Star b (BSb) orbits at a distance similar to
that of Mercury around the Sun. Ribas et al. (2018)
note that the planet resides close to the “snow line” of
Barnard’s Star, where stellar irradiation is sufficiently
weak to allow volatile elements to condense (Kennedy &
Corresponding author: Julia´n D. Alvarado-Go´mez, Cecilia Garraffo
jalvarad@cfa.harvard.edu, cgarraffo@cfa.harvard.edu
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Kenyon 2008). This characteristic renders BSb of special
interest from the perspective of planet formation. There
is growing agreement on the importance of the snow
line region as a natal site of planetesimal formation and
growth (e.g., Stevenson & Lunine 1988; Morbidelli et al.
2015; Mulders et al. 2015) and BSb promises to be an
important keystone object for future progress.
Of more immediate interest is the potential of BSb for
understanding planetary atmospheric evolution. It has
an orbital semi-major axis of ∼ 0.4 AU, which is suffi-
ciently wide that it can be disentangled from the stellar
signal and will be amenable to detailed study and direct
imaging by next generation instrumentation (Trauger
et al. 2016). This will allow the planetary atmosphere
to be studied in unprecedented detail.
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Several papers have pointed to the importance of ex-
treme stellar activity and winds for understanding the
evolution of planetary atmospheres around M dwarf
stars (e.g., Lammer et al. 2009; Cohen et al. 2014;
Vidotto et al. 2015; Garraffo et al. 2017). Magneto-
spheric and atmospheric evolution models are not yet
able to predict how atmospheric initial conditions evolve
under intense radiation environments. Nevertheless,
progress has been made in this direction through 1D
models of evaporating exoplanet atmospheres and stel-
lar winds (Johnstone et al. 2015a; 2015b; 2015c). Based
on detailed magnetohydrodynamic (MHD) modeling of
the wind of Proxima Centauri, Garraffo et al. (2016)
found that Proxima b is subject to dynamic wind pres-
sures four orders of magnitude larger than the Earth.
The relatively long rotation period of Barnard’s star of
∼ 130− 145 days (Benedict et al. 1998), combined with
its modest present-day magnetic activity level (Toledo-
Padro´n et al. 2018), lead Ribas et al. (2018) to estimate
an age of 7–10 Gyr for the system. BSb represents the
outcome of planetary evolution over this long timescale
through a history of strongly differing environmental
conditions.
Here, we use detailed 3D MHD stellar wind models
to examine the space weather conditions of the present-
day Barnard’s Star environment and investigate the in-
fluence of the stellar wind on its magnetosphere and at-
mosphere. Our wind models are driven by the observed
magnetic field maps of three proxy stars, scaled to the
expected range of surface field strength for Barnard’s
Star.
2. METHODS
2.1. Corona and Stellar Wind
To simulate the environment in the Barnard’s Star sys-
tem, we employ the Space Weather Modeling Frame-
work (SWMF, see Gombosi et al. 2018). In particular,
we use the 3D MHD solver BATS-R-US (To´th et al.
2012), and the Alfve´n Wave Solar Model (AWSoM, van
der Holst et al. 2014). This model was developed to
study the solar environment and has since been adapted
and applied to astrophysical systems. It uses the distri-
bution of the radial magnetic field on the surface of the
star (magnetogram) as a boundary condition for the self-
consistent calculation of the coronal heating and stellar
wind acceleration due to Alfve´n wave turbulent dissipa-
tion.
The AWSoM model assumes a non-ideal MHD regime,
where the magnetically-driven contributions are in-
cluded as additional source terms in the energy and
momentum equations, solved alongside the mass conser-
vation and magnetic induction equations on a spherical
grid. Radiative losses and electron heat conduction are
also taken into account in the model. The simulation
evolves until a steady-state solution is reached. Further
details on the implementation and recent performance
updates can be found in van der Holst et al. (2014) and
Sokolov et al. (2016).
In previous studies we have used this code to simu-
late the space weather conditions around other M dwarf
planet-hosting stars (cf. Prox Cen: Garraffo et al.
2016, TRAPPIST-1: Garraffo et al. 2017). Unlike
the Prox Cen or TRAPPIST-1 planets, the BSb or-
bit, with a semi-major axis of a = 0.404 ± 0.018 AU
(∼ 443.16 ± 19.74 R∗) and a relatively high eccentric-
ity (e = 0.32+0.10−0.15), resides well outside the domain of
the stellar corona. We use two coupled numerical do-
mains which include the corona and wind acceleration
region (the Solar Corona, or SC, module of the SWMF;
∼ 1 − 110 R∗), and a wind propagation region (the In-
ner Heliosphere, or IH module; 105−750 R∗) sufficiently
large to enclose the maximum possible orbital separation
of the planet. The non-ideal MHD effects described be-
fore are only considered in the SC domain, whose solu-
tion is then propagated into the IH ideal MHD scheme.
A 5 R∗ domain overlap is imposed to guarantee the ro-
bustness of the combined solution.
The IH domain utilizes adaptive mesh refinement for
increased spatial discretization of regions with strong
gradients in wind density occurring along the current
sheet. In this domain, our simulations reach a smallest
cell size of ∼ 1.46 R∗ and consider more than 25 mil-
lion spatial blocks. In the stellar context, this coupled
modeling scheme has been employed to investigate the
stellar wind properties in the habitable zones of Sun-like
stars (cf. Alvarado-Go´mez et al. 2016a, 2016b), and this
particular study represents its first application to the
M dwarf regime.
2.2. Surface Magnetic Field
While high-resolution magnetograms are readily avail-
able for the Sun (e.g. from the Solar and Heliospheric
Observatory and the Solar Dynamics Observatory), for
stars the only source of magnetograms at present is
through spectropolarimetric observations and Zeeman-
Doppler Imaging (ZDI), which requires a minimum
brightness and rotation velocity (Semel 1989; Donati
et al. 1997). Unfortunately, with a visual magnitude of
Vmag = 9.511 and a rotation period of ∼ 130 days, the
retrieval of a ZDI magnetic map of Barnard’s Star is
currently unfeasible. As described by Reiners (2012),
measurements in unpolarized light of the unsigned sur-
face magnetic field strength via Zeeman broadening
benefit from small rotational broadening. However, to
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Figure 1. Inner boundary of our simulation domain, showing the large-scale ZDI radial magnetic field of three late-type stars
driving the proxy models of Barnard’s Star (Left: GJ 51, Morin et al. 2010; Middle: HD 73256, Fares et al. 2013; Right:
HD 179949, Fares et al. 2012). The field strengths have been scaled to the indicated range. Selected closed (purple) and open
(black) magnetic field lines are shown.
our knowledge, there are no magnetic field measure-
ments in the literature for Barnard’s Star using this
technique.
Despite the lack of direct measurements, we can use
information from previous studies to get a sense of the
field strength and geometry expected for Barnard’s Star.
On one hand, X-ray luminosity is known to be strongly
correlated with stellar rotation, and even more so with
Rossby number (Ro), defined as the rotation period
(Prot) over the convective turnover time (τ). Wright
et al. (2011) used a sample of 725 Sun-like and later-
type stars to calibrate this relationship. Interestingly,
in two follow up papers Wright & Drake (2016); Wright
et al. (2018) showed that this relationship also holds
for fully convective stars like Barnard’s Star. Making
use of this calibration, and the level of X-ray emission
of Barnard’s Star (logLX = 25.85, Hu¨nsch et al. 1999;
Schmitt & Liefke 2004), we estimate τ ∼ 120−150 days,
which results in Ro ∼ 0.9− 1.2.
Additionally, detailed numerical MHD convection
models appropriate for fully-convective stars have
demonstrated that these objects are able to generate
global-scale magnetic fields in their convection zones,
despite the lack of a solar-like tachocline. In these simu-
lations, especially at low Ro, significant magnetic energy
has been found in the dipolar components of the field
(Browning 2008; Yadav et al. 2015). At higher Ro, the
mean fields can continue to show strong dipole fractions
even as the fluctuating fields increase in strength. In
addition, spin-down models predict dipole-dominated
morphologies in these large Ro regimes (see Garraffo
et al. 2018). In this context, we consider as one proxy
for Barnard’s Star, the ZDI map of the star GJ 51
(Morin et al. 2010), which has a dipole-dominated ge-
ometry and similar spectral type (M5), albeit with a
significantly shorter rotation period (∼ 1 day). This is
the same magnetogram used in the study of the space
weather of Proxima Cen by Garraffo et al. (2016) and
allows us to perform a comparative analysis of the wind
conditions around Proxima and Barnard’s Star.
Furthermore, from the compilation gathered by Vi-
dotto et al. (2014), there are eight stars with Ro > 0.9,
from which only four have published ZDI magnetic field
maps: HD 78366 (Ro & 2.78, Morgenthaler et al.
2011), HD 146233 (Ro = 1.32, Petit et al. 2008),
HD 73256 (Ro = 0.96, Fares et al. 2013), and HD 179949
(Ro & 1.72, Fares et al. 2012). Both, HD 73256 and
HD 146233, are close to the estimated Ro values for
Barnard’s Star and could serve as additional proxies for
its field geometry. However, the resolution of the pub-
lished ZDI map for the latter is too low for our numeri-
cal purposes. Therefore, we consider instead the map of
HD 179949, which actually shows substantial similitude
to the large-scale field of HD 146233. All maps consid-
ered here were taken directly from the publications (via
an image-data transformation), and therefore they re-
tain the intrinsic missing latitudes of ZDI observations.
The analysis of Vidotto et al. (2014) also indicates
objects within the range of Ro estimated for Barnard’s
Star, are expected to have an unsigned large-scale field
between 1 − 10 G. For this reason, we have scaled the
surface field strengths of all three different proxies to this
range (Fig. 1). Such comparatively weak surface field is
consistent with the very low level of activity measured
for Barnard’s Star (Toledo-Padro´n et al. 2018).
Finally, we stress that there are no ZDI maps for
slowly-rotating fully-convective M dwarfs that could be
used as even more suitable proxies of Barnard’s Star.
By considering three different cases, we aim to cover
observationally-motivated possibilities in field geometry,
and explore how these translate to the environment of
the system. In this context, the results presented here
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Figure 2. Multi-domain numerical simulation of the stellar wind environment of Barnard’s Star, driven by the ZDI map of the
proxy star GJ 51 (M5V). The top panel contains the stellar corona and wind acceleration region, extending from the surface
of the star up to 110 R∗. The Alfe´n surface (MA = 1) of the stellar wind is shown in purple (see text for details). The wind
solution is propagated to the extended domain presented in the bottom panel, which covers 1500 R∗ in each cartesian direction
and is centered in the star. Green and magenta iso-surfaces delineate the boundaries of the resulting fast (Ur & 800 km/s)
and slow (Ur . 400 km/s) wind sectors. The color scale displays the wind dynamical pressure (Pdyn = ρU2), projected on the
equatorial plane of both domains. The ellipses correspond to the orbit of BSb for three different inclination angles (0, 15, and
30 deg). The top panel also shows the orbit of Proxima Cen b for reference. Selected magnetic field lines are shown in white.
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should be interpreted more as a global assessment of
the range of variability of the stellar wind than absolute
predictions for the system.
3. RESULTS AND DISCUSSION
Figure 2 presents a composite visualization of the 3D
stellar wind solution achieved for Barnard’s Star, us-
ing the realistically scaled surface magnetic field map
of GJ 51 (Fig. 1, left panel). Both the SC and IH do-
mains are shown, illustrating the way they are coupled
in our simulations. We have performed similar wind
simulations using the scaled ZDI maps of the other two
proxy stars, HD 73256 and HD 179949 (Fig. 1, middle
and right panels). As part of the characterization of the
stellar wind solution, we include the resulting Alfve´n
surface, computed as the collection of points at which
the Alfve´nic Mach number1 is equal to one. The aver-
age size of the AS is similar in all cases, ranging between
8.2 R∗ and 10.8 R∗, placing BSb well within the super-
Alfve´nic regime of the stellar wind (as is the case for all
the solar system planets).
3.1. Mass Loss Rate
Before assessing the conditions experienced by the ex-
oplanet, we first examine the results of the simulations
in the context of stellar winds from cool main sequence
stars. The steady-state solutions reach maximum ra-
dial wind speeds (in km/s) of 863 (proxy 1), 800 (proxy
2), and 758 (proxy 3). The respective mass loss rates
in each case, expressed in solar units2 (M˙), are 0.085,
0.082, and 0.054.
In the absence of any observational constraints for the
mass loss rate from Barnard’s Star’s wind, we can use
the M˙ constraints for other M dwarfs to compare with
the values from our numerical models. Wood et al.
(2001) reported an upper limit of M˙ < 0.2 M˙ for
Prox Cen, based on the astrospheric absorption sig-
nature appearing in the blue wing of the Lyman-α
line. An independent 3σ upper limit of M˙ < 14 M˙
(∼ 3 × 10−13 M yr−1) was obtained for this star by
Wargelin & Drake (2002), using a more direct tech-
nique based on the X-ray signature resulting from stellar
wind ion charge exchange with ISM neutrals. A recent
work focused on GJ 436 (M2.5, Age: 7 − 11 Gyr; Saffe
et al. 2005) suggests a relatively weak stellar wind, with
M˙ = 0.059+0.074−0.040 M˙, using constraints from in-transit
Lyman-α absorption due to an evaporating outflow from
1 Defined as MA = U
√
4piρ/B, where U , ρ and B, are the local
values of the wind speed, density, and magnetic field strength,
respectively.
2 M˙ ' 2× 10−14 M yr−1 = 1.265× 1012 g s−1
Figure 3. Mercator projection of the stellar wind dynamic
pressure Pdyn, normalized to the solar wind pressure at 1
AU, extracted from a spheroid containing possible orbits for
BSb. The different panels show the results for each proxy
simulation as indicated. Dotted lines in yellow, black, and
red correspond to the 0, 15, and 30 deg inclination orbits,
respectively (see Fig. 2, bottom panel).
the exoplanet in this system (see Vidotto & Bourrier
2017).
Given the expected properties of its surface magnetic
field (see Sect. 2.2), Barnard’s Star should in princi-
ple have an M˙ value lower3 than Prox Cen, and simi-
lar to to GJ 436 (provided the similarities in spectral
type and age). As our numerical models are consistent
with both expectations, we consider that they provide
a realistic representation of the stellar wind conditions
around Barnard’s Star.
3 Here we are implicitly assuming that M˙ scales proportionally
to the activity/magnetic flux. While the winds of Sun-like stars
seem to behave in this way (up to a certain level), this assumption
is very uncertain in the case of M dwarf stars due to the lack of
measurements (see Wood 2018).
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Figure 4. Behavior of Pdyn (left) and the magnetosphere size Rmp (right) along possible BSb orbits for each inclination in all
of our proxies. The current sheet crossings appear as peaks (dips) in Pdyn (Rmp).
3.2. Wind Conditions at Barnard’s Star b
The semi-major axis and eccentricity of BSb are well
constrained while its orbital inclination is not. As can
be seen in Fig. 2, the stellar wind conditions vary quite
strongly within the domain. The same occurs in the
remaining two proxy simulations. To quantify this, we
extract the wind dynamic pressure from a spheroid con-
taining orbits at 0, 15, and 30 deg inclination angles
(analogous to the ones shown in Fig. 1, bottom panel),
and construct a 2D latitude-longitude Mercator projec-
tion for each proxy Fig. 3. Pdyn can vary up to a factor of
100 (between 0.1 and 10.0 times the stellar wind condi-
tions at Earth) for certain orbital inclinations. Changing
the relative orientation of the orbit (i.e., the longitude
of the ascending node) results in a different geometry
of the 2D Pdyn projections, but their dynamic range is
very similar.
In Fig. 3 we also include the orbital paths for the three
inclinations considered. We extract the wind pressure
conditions along these orbits (see Fig 4, left panel) and
use them to compute the size of a planetary magneto-
sphere as in Garraffo et al. (2016), assuming an Earth-
like planetary magnetic field of ∼ 0.3 G (right panel
in Fig. 4) and pressure equilibrium between the stellar
wind and the planet’s magnetic field (e.g., Schield 1969;
Gombosi 2004)
Rmp/Rplanet = [B
2
p/(8piPSW)]
1/6. (1)
Here, Rmp is the radius of the magnetopause, Rplanet
is the radius of the planet, Bp refers to the planet’s
equatorial magnetic field strength, and PSW = nSW ·
mp · U2SW, is the ram pressure of the stellar wind.
For reference, the ram pressure of the ambient solar
wind near Earth is typically about 1 nano Pascal (nPa).
During the impact of a Coronal Mass Ejection (CME),
the number density lies in the range 10− 50 cm−3, with
speeds in the range of 500−2000 km s−1, which translate
to 1 − 5 nPa for moderate CMEs, to 20 − 200 nPa for
the most extreme events (Lugaz et al. 2015).
In the case of BSb, the stellar wind pressure along
the explored orbits, and for the considered proxy cases,
ranges between ∼ 0.1 and ∼ 7 times the solar wind pres-
sure at 1 AU. Assuming BSb has an Earth-like mag-
netic field, these wind conditions translate to a magne-
tospheric stand-off radius of ∼ 6− 12 Rplanet, compared
to the Earth’s long-term average of ∼ 10 REarth (Pulkki-
nen 2007).
As can be seen from Figs. 3 and 4, the conditions for
the proxy 1 case are on average harsher than in the other
two cases, but at the same time they change more slowly
(in orbital phase). This situation translates directly to
the magnetosphere size, which displays the least amount
of variation along the orbits (Fig. 4, right panel). The
peaks of high pressure correspond to crossings of the cur-
rent sheet, where the wind density is much higher. All
orbits cross the current sheet, regardless of their inclina-
tion. Therefore, any orbit will be exposed to the higher
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pressures. It is good to note here that any given ZDI
map case is only a snapshot of the field evolution that
can occur on timescales of several days (active regions)
to years (possible cycles). Therefore, the conditions in-
ferred by our numerical models are intended to represent
mean values for a given system.
In addition to modeling three possible realistic scenar-
ios for BSb, we have also simulated the wind for a mag-
netic field 10 times stronger in the proxy 1 case (GJ 51),
which corresponds to 20 % of that used for Proxima b in
Garraffo et al. (2016). The results are similar in terms
of geometry, differing over the domain by ∼ 40% in the
wind speed and by roughly one order of magnitude in M˙
and Pdyn. The magnetosphere size is reduced by ∼ 30%.
This is expected to some extent: the scaling of the
absolute value of the surface magnetic field plays a sec-
ondary role influencing the space weather conditions far
from the star at the orbit of BSb. Rather, the impor-
tant factor is the wind density declining approximately
as the inverse square of the orbital distance. Stronger
magnetic flux will result in just slightly faster and more
massive winds (cf. Garraffo et al. 2015; Re´ville et al.
2015; Alvarado-Go´mez et al. 2016b).
As Barnard’s Star is old, its wind will have been
stronger in the past. The relative importance of such
conditions on the planetary atmospheric evolution of
BSb would be determined by the formation mechanism
that took place in this system (i.e., migration or in-
situ). The inverse square scaling of wind density means
a close-in planet will be surrounded by comparatively
much more dense and fast varying plasma. This is what
makes the expected space weather conditions on Prox-
ima b and TRAPPIST-1 so dramatic. Not surprisingly,
BSb, at 0.4 AU, experiences much more mild conditions
than close-in planets, and comparable to days of bad
space weather at Earth.
The prognosis for atmospheric survival on BSb is
much brighter than predicted for Proxima b and the
TRAPPIST-1 system.
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